Acute lymphocytic choriomeningitis virus infection of adult mice is associated with general immunosuppression, which develops during the 2nd week of the infection and persists for a period of 2 to 3 months. Studies of some cellular events in the immune system of infected mice brought to light a number of findings which seemed relevant to this immunosuppressive effect. Colony-forming stem cells, which may act as the precursors of the lymphoid cells, were temporarily inhibited during the first period of the infection. Presumably this inhibition also affected the thymus cells, which decreased dramatically at the same time. At a later stage of infection, defects developed within the population of immunocompetent cells, and this was most probably a consequence of the preceding suppression of the precursor cells. The defects in the immunocompetent cells were temporally related to the immunosuppression and seemed to be the ultimate cause of this phenomenon. At all events, antibody-forming cells were not damaged by the virus. In studies of neonatally infected baby mice, it was found that the development of immunological responsiveness was completely abolished for the first 2 weeks of life. It is therefore probable that the generation of immunocompetent cells was also affected in the babies. Evidence was obtained supporting the hypothesis that this effect played an important role for the induction of tolerance to the virus in the neonatally infected mice.
The phenomenon that certain viruses can depress the ability of the host to produce an immune response has received considerable attention in the recent years. Most studies on this subject have been carried out with the leukemia viruses, and immunosuppression caused by these viruses has been claimed to be an important factor in oncogenesis, acting by triggering or enhancing the growth of the malignant cells (6, 15) . Immunosuppression has also been demonstrated with certain nononcogenic viruses, notably with some of those which, like the leukemia viruses, may cause chronic tolerated infections (15) . Viral interference with the immune response may, therefore, be assumed also to play a role in the establishment of the persistent virus carrier state induced by a number of viruses. Moreover, viral immunosuppression is interesting because it may predispose to other unrelated infections or increase their severity.
As yet, no clear picture has emerged of the mechanisms by which viruses can affect the immune function, and, in the case of the nononcogenic viruses, there are almost no data available on the cellular events occurring in the immune system of infected hosts during virusinduced immunosuppression. In the present study, attempts were therefore made to investigate the effect on immune function of lymphocytic choriomeningitis (LCM) virus, which was shown by Mims and Wainwright (12) to induce immunosuppression in mice. Efforts were made to evaluate the function of antibody-forming cells, immunocompetent cells, and precursors of these cells in the course of the acute infection in adult mice. Some studies were also carried out on neonatally infected animals, in which a persistent tolerant virus carrier state is known to be induced.
MATERIALS AND METHODS
Virus. One strain of LCM virus was used exclusively. It was obtained from E. Traub (T;ibingen, Germany). The virus preparations used were tissue culture fluid obtained from monolayers of infected L cells grown in Eagle minimal essential medium. Dilutions of the virus were prepared in phosphate-buffered saline. The virus titrations were carried out by intracerebral inoculation (0.03 ml) of serial BRO-J0RGENSEN AND VOLKERT all mice belonged to a strain of highly inbred CsH mice. Acute infections of adult mice were produced by intraperitoneal (i.p.) inoculation of 1,000 LDs0 of virus. This injection causes a symptomless and transient infection. Neonatal mice were inoculated within the first 18 h of life with 1,000 LD50 of virus. As previously described (24) , this treatment results in a state of immunological tolerance, and the mice will carry virus in very high titers in the blood and organs throughout life. The recipient mice immunized to the LCM virus were mothers of infected babies. They develop a natural symptomless infection, and, when the babies are taken from -them at the age of 4 weeks, they are highly immune (22) . All mice used, except the mothers and babies, were 2 to 3 months old.
Preparation of cells. For estimation of cell counts and for transplantation purposes, cellular suspensions from spleens, lymph nodes, thymuses, and femoral bone marrows were prepared in Hanks balanced salt solution and counted as previously described (22) .
Assay for plaque-forming cells. The direct plaque-forming cells (PFC) in the spleens were assayed by Jerne's hemolytic plaque method as modified for use with glass microscope slides (10) . Agarose (L'Industrie Biologique Francaise S.A.), 0.5% in Eagle minimal essential medium with Hanks salts (0.4 ml), 10% sheep erythrocytes (0.05 ml), and the spleen cell suspension (0.1 ml) were mixed and poured onto microscope slides previously coated with 0.1% agarose in water. The slides were incubated for 1 h at 37 C in a humid atmosphere containing 5% CO2. Guinea pig serum diluted 1:10 in Eagle medium was added, and the incubation was continued for 2 h. The plaques were counted by indirect illumination using a magnifying glass. With one exception, which is mentioned later, the spleens were assayed individually, and the numbers of PFC were calculated from the counts of duplicate slides.
Hemopoietic colony assays. The endogenous hemopoietic colony formation was studied in mice which had been treated with 500 R of X rays. For the study of the development of exogenous colonies, the mice were given 850 R of X rays, and within 2 h after the irradiation they were injected intravenously (i.v.) with pooled bone marrow cells from normal donors of the same sex. Both the endogenous and exogenous colonies were scored 6 days after irradiation. The spleens were removed and fixed in Bouin solution. They were examined by a histological study of a longitudinal midsection through the hilus. Such sections have been shown to provide an adequate sample for estimating the colonies in a given mouse (5) . The spleen colonies were scored by using criteria similar to those employed by Curry and Trentin (4 It is apparent that the difference between infected mice and controls was maximal at 4 days after priming. This time interval was therefore used in the following experiment, in which the responsiveness of the infected mice was examined at various times after virus inoculation. On day 0, 50 adult mice were infected i.p. with 103 LD50 of virus. Then on the days indicated in Fig. 1 , groups of these mice were primed by i.v. injections of SRBC, and 4 days later the resultant PFC responses in the spleens were determined. The responses were influenced only to a very limited extent during the early period of the infection (Fig. 1) . Appreciable immune responses were still achieved in animals sensitized on day 4 and examined on day 8 after infection. However, when priming was carried out on day 6 or later, a very pronounced immunosuppression became apparent, and no return to the normal response was observed until 2 to 3 months after the infection. In Fig. 1 the spleen cells from infected mice were examined for their ability to restore immune responsiveness in lethally irradiated recipients. The spleen cell donors used for the experiment were normal control mice and groups of infected mice which had received their virus inoculation at various times before the cell transfer. The recipients were mice which had been immunized against the LCM virus about 3 months previously. This choice was made in an attempt to prevent undesirable infection in the recipient mice which might receive virus-contaminated donor cells. Pooled spleen cell suspensions were prepared from each of the donor groups, and doses of 100 x 106 of these cells were given i.v. to the recipient mice within 2 h after the X ray treatment. The recipients were then injected i.p. with SRBC, and 6 days later their spleens were removed and assayed for PFC. The normal donor cells gave rise to about 40,000 antibodyforming cells in the recipient spleens ( be raised as to whether this failure could have been caused by contaminating virus present in the donor cell suspensions and transferred into the recipient mice. To explore this possibility, the experiment also included a recipient group which was injected with normal spleen cells to which a large dose of infectious virus had previously been added in vitro. This artificial addition of virus did not interfere with the immunological reconstitution of the recipients (Table 2 ). This experiment therefore provided strong evidence of a defect in the population of radiosensitive, immunocompetent cells in the infected mice during their state of immunosuppression.
Reconstitutive capacity of normal spleen ceils for LCM virus-infected irradiated mice. The aim of the following experiment was to see whether normal lymphoid cells transplanted to LCM virus-infected mice were able to produce a normal immune response. For this purpose, groups of recipient mice were infected i.p. with 103 LD50 of virus at various times before the cell transfer. On the day of transplantation, the recipients were treated with 900 R of X rays; they were then injected i.v. with 100 x 106 normal spleen cells from the same pool, and finally they received SRBC by the i.p. route. Six days later, the mice were killed, blood samples were withdrawn for virus titration, and the spleens were examined for PFC. The data from these mice and from uninfected control mice which were included in the experiment are recorded in Table 3 . The same responses were achieved in uninfected controls as in mice infected 4 days before transplantation (Table  3) . However, in the mice which had been infected 13 or 23 days previously, the numbers of antibody-forming cells were significantly reduced. From the results of the virus tirations, it seemed obvious that the amount of infectious virus in the recipients was not correlated to the degree of suppression. Thus, in the 11 mice which had been infected on days -13 and -23, no trace of virus was found in the blood, except in three mice which had borderline values.
These findings might indicate the presence of some immunosuppressive factor in the later stage of the viral infection. However, it should be kept in mind that in the present experiment, the use of different types of recipients might have caused differences in the homing of the transferred cells.
Depression of hemopoietic stem cells in adult mice infected with LCM virus. It was reported recently from this laboratory (2) that the LCM virus could, by some unknown means, affect the proliferation and differentiation of hemopoietic colony-forming stem cells in mice. Such colony-forming cells are apparently precursors not only of the erythroid and granuloid cells of the hemopoietic colonies, but also of the immunocompetent lymphoid cells (9, 16, 26) . The depression of these colony-forming cells might therefore also affect the immune system and could be assumed to play a role in the viral immunosuppression. To evaluate this possibility, information was needed about the time course of the depression of the stem cells in tion of colony formation seemed to be at a maximum during the first 6 days after the infection. In animals transplanted on days -3, +3, and +6, the colonies were fewer than in uninfected controls. From day 9 after virus inoculation, however, the infected mice supported the growth of the exogenous stem cells as well as the control mice did.
In the lower part of Fig. 3 are shown the data from an experiment in which the endogenous stem cells in the infected animals were examined. At various times relative to their infection, groups of five mice were treated with an irradiation dose of 500 R. After this dose, a small number of the endogenous stem cells will normally survive and give rise to hemopoietic colonies in the spleen. As above, the spleens from the infected animals and from uninfected controls were removed 6 days after irradiation and were examined by microscopy. No endogenous colonies were found in any of the mice which were irradiated on day 0, +3, or +6 (Fig.  3) . That is, compared with the findings using the exogenous stem cells, the inhibition of the endogenous stem cells seemed to persist for a longer period. However, in the animals which were irradiated on day 9 or 14 after the infection, the numbers of endogenous colonies were above the normal level and gave the impression of a compensatory stem cell proliferation after the suppression.
Influence of LCM virus on the cellularity of lymphoid organs in adult mice. In Fig. 4 (Fig. 6) . A significant increase in the responsiveness of the virus-infected babies was, in fact, first registered at the age of 16 days; however, at that time the numbers of PFC which were produced were only about 2% of the control values. Later the responsiveness developed considerably, but some depression of the immune function was still present even in the adult animals. The PFC counts from the adult virus carriers were about 15 to 20% of those seen in the uninfected controls.
In the final study, an investigation was made into whether the artificial introduction of mature lymphoid cells into the babies would affect the course of the neonatal LCM virus infection. For the experiment (Table 4) , 25 newborn pooled mice were used. They were distributed in four groups, and within the first 18 h of life they were treated as described in the table. During adolescence, the mice were kept in separate cages and were nursed by different mothers. The mice were observed until the age of 8 weeks, when they were bled for the purpose of determining complement-fixing antibodies against viral antigen and blood virus titers. It is seen that in the babies which received adult lymphoid cells, induction of immunological tolerance to the virus was abolished, at least as far as the humoral response was concerned. Blood virus titers, however, were not significantly suppressed. Furthermore, it was noteworthy that many of the transplanted and infected mice died during the experiment. The median survival time of the mice which died was 19.5 days. In other similar experiments, it was observed that even 10 x 10l adult lymphoid cells and also 100 x 106 adult thymus cells could abolish the induction of tolerance to the virus.
DISCUSSION
The immunosuppressive ability of LCM virus was originally described by Mims and Wainwright (12) . These workers demonstrated an impairment of the antibody formation in LCM virus-infected mice and also a reduced capacity to react with footpad swelling against other viruses. In the present study, this immunosuppressive effect was readily confirmed by the demonstration of a prolonged depression of the PFC response in the infected animals. It appeared that this depression was not caused by any cytopathic effect on the immunologically activated cells actually engaged in the production of the antibody. However, the fact that the spleen cells from the immunosuppressed mice failed to restore the responsiveness of irradiated recipients indicated that a defect resided within the population of radiosensitive, immunocompetent cells. Such defect might be accounted for by an abnormal capacity of the individual cell, or it could be due to a simple numeric deficiency of immunocompetent cells induced by the LCM virus. Defects were also demonstrated in the immunocompetent cells of mice infected with the Friend leukemia virus (3), and it is therefore conceivable that the ultimate cause of immunosuppression by these two viruses is the same. As yet it is not known by what means the Friend virus affects immunocompetent cells. As regards the LCM virus, this problem is further discussed below.
For a number of reasons, it was interesting to compare the viral effect on the immune response and the effect on the colony-forming stem cells. The PFC response against SRBC and the colony-forming response of the stem cells are very alike in that extensive, rapid proliferation and differentiation are involved in both processes. Moreover, both responses can be assessed in the same organ, namely, the spleen. However, on comparison of the time course of Table 3 ). About 10 days after the virus inoculation, the situation was completely reversed. At that time the immune response was strongly suppressed, whereas the colony formation was unimpaired. Prominent hemopoietic colonies were readily observed even by the naked eye. This apparent lack of synchronization indicates that neither the stem cell inhibition nor the immunosuppression was a manifestation of any comprehensive depression or general slow-down of cellular proliferation in the infected animals. On the contrary, the observations suggest that some degree of specificity was involved in both of these suppressive mechanisms.
In spite of the lack of accord in their temporal relations, it is, however, still possible to conceive that the viral stem cell effect and the immunosuppression might be interrelated. As mentioned previously, there is convincing evidence that the colony-forming stem cells are precursors not only of erythroid, granuloid, and megakaryocytic series of cells, but also of immunocompetent lymphoid cells (9, 16, 26) . The inhibition of the hemopoietic colony formation could therefore be expected to also affect precursor cells engaged in the recruitment of mature immunocompetent cells. If this is true, and if in addition some of the cells essential for immunological competence have a relatively short life-span, it is conceivable that the inhibitory influence on the colony-forming stem cells exerted during the first period of the infection might account for the immunosuppression observed in the following period by leading to a simple numeric deficiency of immunocompetent cells. The time lag which was apparent between the restoration of hemopoietic colony formation and the rather slow recovery of the immune function would be in accordance with observations indicating that the stem cells are directed primarily at the restoration of hemopoiesis and that reconstitution of immune function is clearly secondary (14) .
It is now widely accepted that both B and T (11) . For reasons mentioned above, it was to be expected that the restoration of the thymus would be delayed as compared with the recovery of hemopoiesis. It was also noteworthy that the restoration of the thymus and the immune function seemed to be temporally related.
As an alternative explanation of the virusinduced immunosuppression, it is also appropriate to consider the phenomenon called antigenic competition. The introduction of the viral antigen could, by this mechanism, be assumed to depress responses against other unrelated antigens. The immunosuppression by antigenic competitition, however, normally functions for periods of only a few days (19) , and in the present experiments pronounced depression was recognized for several weeks after viremia had disappeared. Moreover, most recent reports on antigenic competition claim that there is no defect of the immunocompetent cells involved in this phenomenon and that it is caused by the elaboration of a humoral immunosuppressive (7, 13, 19) . Nonetheless, the possibility that antigenic competition may contribute to at least some extent to the observed immunosuppression cannot be excluded. It is known that small amounts of LCM virus may persist in the organs of infected animals for considerable periods after viremia has disappeared (23) . The possibility therefore remains that such residual virus, by the mechanism of antigenic competition, could give rise to a sustained elaboration of the humoral suppressive factor. If this is so, it could afford an explanation of the failure of normal lymphoid cells to produce an immune response in the spleens of irradiated, infected recipients (see Table 3 ). However, as already mentioned, this finding could equally well be caused by differences in the homing of transferred lymphocytes in infected and normal mice.
In neonatally infected babies, it was found that the growth of both primary and secondary lymphoid organs was grossly retarded and that the acquirement of immunological competence was completely abolished for the first 2 weeks of life. Later, however, these animals built up first their thymus and then their spleen, and they developed an appreciable immune function in spite of the fact that they continued to carry the virus in very high titers in their blood and organs. The moderate hyporesponsiveness against SRBC which was demonstrated in the adult virus carrier has, in fact, not been recognized by other workers (12, 17) . These findings in the neonatally infected mice seem to be explained most readily on the assumption that the precursor stem cells are also subjected to virus-induced inhibition exerted during the first period of the infection even in the babies. An inhibition of this type would probably be much more serious in the baby mouse, because only a minimum of immunocompetent cells is present at birth and this makes the immune defense of the baby almost entirely dependent on the generation of such cells from the precursor cells. indirectly by the many deaths which occurred in these mice, since the only reasonable explanation of this mortality seems to be that these animals developed a fatal immune-mediated disease. In LCM virus-infected adults, it is well known that the deaths are also caused by immune-mediated damage (8) .
